Abstract: In this study, we sequenced and assembled the mitochondrial (mt) genome of Osteoglossum ferreirai to re-assess the phylogenetic relationship of the family Osteoglossidae. We determined that the mitogenome of O. ferreirai contains the entire set of 37 mt genes, and the nucleotide composition and gene arrangement were similar to those of other bonytongues. Our phylogenetic analyses exhibited monophyly of the family Osteoglossidae with high bootstrap support, which is in agreement with the currently accepted phylogenetic viewpoint that is based on both morphological and molecular approaches. These findings provide additional informative data for the further study of phylogenetic relationships and help to elucidate a key component of the species radiation process within the family Osteoglossidae.
Introduction
Molecular techniques using informative genetic markers have facilitated certain of the fundamental studies of the biogeographical and adaptive evolution of vertebrates (Inoue et al. 2009; Jones et al. 2012; Li et al. 2013a) . In most vertebrates, the mitochondrial genome (mitogenome) DNA is typically double-stranded and circular (14-20 kb in length) and is composed of 13 protein-coding genes (PCGs), 22 transfer RNA (tDNA) genes, two ribosomal RNA (rDNA) genes, and one noncoding control region (CR) that may control its replication and transcription (Boore 1999; Curole & Kocher 1999; McGuire et al. 2007) . The mitogenome as a commonly used and informative molecular marker that provides a better understanding of the phylogeny, epidemiology, and biogeography of related species (Castoe et al. 2009; Saitoh et al. 2011; Yu et al. 2011; Li et al. 2013b) . Recently, several complete mitochondrial genomes from fish species have been sequenced and have yielded genetic information that has allowed the delineation of the phylogenetic relationships and historical biogeography among different freshwater fish species (Inoue et al. 2009 ).
Because different species of fish that have evolved over millions of years and adapted to different environments that may be linked to the geological histories of landmasses (in particular, freshwater fishes are a good biogeographic model to study the pattern and process of vicariance and dispersal), the biogeography and adaptation of fishes has become a current research focus (Ronquist 1997; Imoto et al. 2013) , and recent studies have made great progress in the delineation of a more accurate divergence time and the formulation of improved hypotheses regarding evolutionary history of fish (Murphy & Collier 1996; Rasmussen & Rnason 1999; Kumazawa & Mutsumi 2000; Ruber et al. 2004; Saitoh et al. 2006 Saitoh et al. , 2011 Nakatani et al. 2011; Li et al. 2013 ). The order Osteoglossiformes includes relatively primitive teleostean fishes and comprises four families (Osteoglossidae (including Pantodontidae), Notopteridae, Mormyridae, and Gymnarchidae) and approximately 218 species that in freshwater with a nearly worldwide distribution (Nelson 2006) . However, the phylogenetic relationships and systematic aspects of these families remain unclear at both the macro and micro levels using different techniques. The fishes belonging to the family Osteoglossidae (Teleostei: Osteoglossiformes) are considered 'living fossils' with huge economic value, and this family includes eight species that belong to the five genera found on the earth today and has a nearly global distribution across Africa, South American, Australia, and Southeast Asia (Nelson 2006) . Thus, the study of the divergence among extant bony tongues represents a unique opportunity to elucidate the evolutionary dynamics of these old fishes. The previous studies showed the inter-and intra-species relationships of Osteoglossidae using different genetic markers, such as simple sequence repeats (SSRs) (Yue et al. 2004; Mu et al. 2011 ) and mitochondrial DNA (Kumazawa & Mutsumi 2000; Inoue et al. 2001; Mohd-Shamsudin et al. 2011; Mu et al. 2012) . To better reconsider the phylogenetic relationships among the family Osteoglossidae and to estimate the divergence time of the genus Osteoglossum, we newly amplified by polymerase chain reaction (PCR) and sequenced the mitochondrial genomes of O. ferreirai Kanazawa, 1966, belonging to the genus Osteoglossum. We subsequently compared these sequences with the published mitochondrial genome data of the family Osteoglossidae, including O. bicirrhosum Cuvier (ex Vandelli), 1829 (Inoue et al. 2001) , Scleropages formosus Sa. Müller & Schlegel, 1840 (Yue et al. 2006 , and Arapaima gigas Cuvier, 1817 (Hrbek & Farias 2008) , and clarified the phylogenetic relationships among the family Osteoglossidae.
Material and methods

Fin clips and DNA extraction
One immature adult O. ferreirai (body weight, 206.6 g; body length, 19.5 cm) individual was obtained from Guangzhou Huadiwan aquatic market in Guangdong Province in China. A 30-40 mg fin clip sample was collected from the each individual fish and preserved in 95% ethanol at 4
• C. Total genomic DNA was extracted using a Tissue DNA Kit (Omega E.Z.N.A) following the manufacturer's protocol.
PCR amplification and sequencing
The mitochondrial genome of O. ferreirai was amplified from the genomic DNA by PCR. We designed 15 overlapping amplification primers based on previous studies (Inoue et al. 2001; Yue et al. 2006; Hrbek & Farias 2008) (Table S1) , and TaiHe Biotechnology Co. Ltd. (Beijing, China) synthesized the oligos. The PCR reactions were prepared in a total volume of 20 µl as follows: 2.0 µl 10× PCR buffer, 1.2 mM MgCl2, 1.0 µM each primer, 0.2 µM each dNTP, 1.25 U Taq DNA polymerase, and 20-50 ng DNA sample. The touchdown PCR conditions for all of the fragments were as follows (Don et al. 1991) : (1) • C for 100 s and a final extension at 68
• C for 5 min. The PCR products were examined using 1% agarose gel electrophoresis to confirm the amplification efficiency and then sequenced using an ABI 377 automated DNA sequencer with the same primers (individually) that were used in the PCR reactions.
The sequences from chromatography data were assembled and analyzed using Sequencer. The 13 proteincoding genes, two ribosomal RNAs, and the control region for the species were initially determined using DOGMA (http://dogma.ccbb. utexas.edu/ data/) (Wyman et al. 2004 ) with the default settings and were refined through a comparison with the GenBank DNA sequences from Osteoglossidae fish mitogenomes (Inoue et al. 2001; Yue et al. 2006; Hrbek & Farias 2008) . The genomic positions and secondary structures of 21 of the 22 tRNAs were identified using the tRNAscan-SE 1.2.1 program (http://lowelab. ucsc.edu/ tRNA scan-SE) by specifying the mito/chloroplast DNA as the source and choosing the vertebrate mito genetic code for the tRNA isotype prediction. One tRNA (tRNA Ser ), which was not found by tRNAscan-SE, was identified visually through a comparison with other Osteoglossidae mitogenomes based on the secondary structure followed by inference using RNAstructure Ver.5.5. The putative control region was defined by aligning it with the closely related species O. bicirrhosum (Inoue et al. 2001 ) and S. formosus (Yue et al. 2006) . The map of the species was visualized using the GenomeVx online tool (http://wolfe.ucd.ie/GenomeVx/) (Conant & Wolfe 2008) with further manual corrections. Pairwise comparisons and statistical information from the two mitochondrial genomes that were newly sequenced in this study were obtained using MEGA 5.05 (Tamura et al. 2011) . Annotated sequence data were imported using the SEQUIN program (http://www.ncbi. nlm.nih.gov /Sequin/), the mitogenome structure was verified, and the final sequence was submitted to the GenBank database (GenBank: KF481951).
Phylogenetic analysis
The phylogenetic analysis was conducted based on the 12 PCGs of the mitogenome of O. ferreirai and 22 other Osteoglossiformes taxa downloaded from GenBank using Hiodon alosoides (Rafinesque, 1819) as an outgroup (Table 1). We excluded the ND6 gene because this gene was encoded on the light strand and its nucleotide composition is very different from those of the other genes. Each selected gene sequence was automatically aligned using Clustal X 1.83 (Thompson et al. 1997 ) with the default parameters, and the alignment results were exported to Seaview (Gouy et al. 2010 ) for examination; alignments were adjusted manually as required and all ambiguous sections were excluded. The nucleotide sequences of the 12 PCGs (excluding ND6) were aligned using the vertebrate mitochondrial genetic code based on the amino acid sequences using MEGA 5.10 with the default settings. A phylogenetic analysis was subsequently performed using the Bayesian approach (BI) and Maximum Parsimony (MP). The BI analysis was conducted using MrBayes version 3.1.2 (Ronquist & Huelsenbeck 2003) . Four Metropolis-coupled Markov chain Monte Carlo (MCMC) analyses were run twice for 1,000,000 generations and sampled every 100 generations (mcmc ngen = 1,000,000; nchains = 4; temp = 0.01; samplefreq = 100; burnin = 1000). The model selection was conducted by a comparison with the Akaike Information Criterion using jModeltest 0.1.1. The JC model was chosen as the best-fit model. The MP analysis was conducted using the PAUP* 4.0 beta 10 program, and all of the sites were weighted equally at PAUP*4.0 b10 through a heuristic search with tree-bisection-reconnection (TBR) branch swapping using ten random taxon additions (Swofford 2002) . The phylogenetic trees were drawn using Treeview.
Results and discussion
Genome organization and base composition This circular mitogenome of O. ferreirai was 16,528 bp in length and contained two ribosomal RNAs (12S and 16S rDNA), 13 protein-coding genes (COX1-COX3, ND1-ND6, ND4L, ATPase6, ATPase8, and cyt b), 22 transfer RNA genes, and one non-coding control region (CR) ( Table 2 ; Fig. 1 ), similar to those found in other vertebrates, and their gene arrangements were identical to those found in the typical gene order of Osteoglossidae fishes (Inoue et al. 2001; Yue et al. 2006; Hrbek & Farias 2008) . The gene order was identical, and the structure of the mitogenome was similar to the typical pattern of fishes. The size of the mitogenome of Explanations: a The classifications follow those described by Nelson (2006) ; b GenBank accession number. The genes are abbreviated as follows: COX1-COX3, cytochrome c oxidase subunits 1-3; ATP6 and ATP8, ATPase subunits 6 and 8; ND1-ND6 and ND4L NADH dehydrogenase subunits 1-6 and 4L; Cyt b, cytochrome b; 12S and 16S, the small and large subunits of ribosomal RNA; and the tRNA genes are named using single-letter amino acid abbreviations. CR is the abbreviation for the control region. Fig. 2) . Several overlaps between genes were found in the O. ferreirai mitogenome, and the largest (34 bp) overlap involved tRNA Asn and tRNA Cys . Additionally, some proteincoding genes shared one or three nucleotides in common with adjacent tRNA genes, which may be a common feature because the mitochondrial DNA is very compact and economical (Curole & Kocher 1999) .
The mitogenome of O. ferreirai contained 13 PCGs of metazoans in the order typically found in fish. In the 13 PCGs, two pairs of protein-coding genes (ATPase8 and ATPase6, and ND4L and ND4) were located on the same strand, and their reading frames overlapped.
All protein-coding genes were predicted to have ATG as the start codon, with the exception of COX1 (GTG) ( Table 2) . Most of the genes ended with a complete TAA or TAG stop codon, except for COX1, which ended with AGA ( Table 2 ). The remaining genes (ND2, COX2, ND3, ND4, and cytb) did not encode a complete stop codon, which may be a feature of vertebrate mitochondrial genomes that may be completed by post-transcriptional polyadenylation to provide the two missing adenosines (Ojala et al. 1980) . Additionally, an incomplete stop codon has been commonly found in the mtDNA of many fishes (Mabuchi et al. 2006; Li et al. 2013 ). The Relative Synonymous Usage (RSCU) of the 13 protein-coding genes is presented in Table 3 . The codons CGU, CGG, AGU, and GCG were seldom encoded (0.83%). The frequencies (total = 12.76%) of the four codons CUA (Leu), CAA (Gln), AAC (Asn), and ACA (Thr) are higher than those of the other codons, and the most frequent amino acids were Leu (13.8%), followed by Ser (10.5%), Thr (9.5%), and Pro (8.0%). The twenty-two RNA genes typical of vertebrate mitochondrial genomes were interspersed in O. ferreirai and ranged in length from 66 to 74 bp (Table 2) , similarly to the features found for S. formosus, O. bicirrhosum, A. gigas, and H. niloticus. The original sequences of the 22 tRNA genes in O. ferreirai could be folded into a uniform secondary structure. Both the small and large ribosomal genes (12S and 16S rDNA) of O. ferreirai were found by comparison with other fishes. The lengths of the 12s and 16s rDNA were 962 and 1693 bp in O. ferreirai, respectively, which are similar to the lengths of those found in the Osteoglossidae fishes that we used for the comparison. The A+T content of the rDNA genes of O. ferreirai was 58.0% (Table S2) , which is in agreement with the A-T-rich features of other fish genomes.
The control region (CR) is an important component of phylogenetic analyses in fish. Similar to other fishes, the control region (CR) in the O. ferreirai mitogenome was identified between tRNA Pro and tRNA Phe . In this study, we only sequenced partial CR sequences of O. ferreirai through a number of positive amplification steps. The mtDNA control region (CR) was amplified using both the primer pair originally designed according to the sequence of O. ferreirai and a primer pair designed according to the sequences of related osteoglossids fish-S. formosus (Yue et al., 2006 ; GenBank: DQ023143.1) and Scleropages jardinii (Saville-Kent, 1892) (Genbank: KF481952)-under optimized PCR conditions. The redesigned primers and optimized reaction conditions had no effect on CR amplification, likely because the hairpin and AT-rich content of the CR in vertebrates led DNA sequencing failure. For the partial CR, the nucleotide composition was 35.3% A, 11.2% G, 37.7% T, and 15.8% C. It had a higher A+T content (73%) than the average value of the whole mitogenome (58.5%), which usually evolves relatively rapidly as a result of few selective constraints and can be identified as the source of size variation in the whole mitogenome. Within this region, a putative termination-associated sequence (TAS) hat encoded TACAT was found, and the remaining conservative sequence elements included TATA-boxes.
Phylogenetic analysis
We analyzed the phylogenetic relationships among the order Osteoglossiformes (22 species) based on the 12 PCG sequences using Bayesian (BI) and Maximum Parsimony (MP) frameworks. The two methods showed identical topology and were well supported by high bootstrap values for the Osteoglossiformes species compared to the other fish species used in the study (Fig. 3) . The two monophyletic clades were well established: the orders Osteoglossiformes (Osteoglossidae, Notopteridae, Mormyridae, and Gymnarchidae) and Hiodontiformes (Hiodontidae). This finding agreed well with the results reported by Nelson (2006) that were based on morphology, and also agreed with the phylogeny described by Inoue et al. (2009) that were based on the complete mitochondrial DNA sequences of Osteoglossomorpha.
The two trees consistently indicated the monophyly of Osteoglossiformes with high bootstrap support (100%). Previous morphological studies (Green- . 1966; Li & Wilson 1996; Hilton 2001; Nelson 2006) and molecular phylogeny research based on protein-coding data (Inoue et al. 2001 (Inoue et al. , 2009 ) have also shown the monophyly of the order Osteoglossiformes. Within the order Osteoglossiformes, our phylogeny confirmed the sister-group relationships of Pantodon buchholzi W.K.H. Peters, 1877 (Pantodontidae) and other fish families (Osteoglossidae, Notopteridae, Mormyridae, and Gymnarchidae). The phylogeny position of P. buchholzi in the order Osteoglossiformes was supported based on molecular data. A previous analysis based on complete mitogenome sequences (Inoue et al. 2009; Lavoué et al. 2012) , or mtDNA partial cytb, 12S and 16S rDNA, and nuclear RAG2 and MLL sequences (Lavoué et al. 2004 ) demonstrated that P. buchholzi is the basal lineage in the clade of the order Osteoglossiformes, and our analysis confirmed these conclusions with strong statistical support (100%). The phylogenetic relationships of Osteoglossidae, Notopteridae, Mormyridae, and Gymnarchidae remain unsolved at both the morphological and molecular levels. Li & Wilson (1996) , using morphological data, and Lavoué et al. (2004 Lavoué et al. ( , 2012 and Inoue et al. (2009) , using mtDNA data, suggested that the family Osteoglossidae is a sister group to a large clade comprising Notopteridae, Mormyridae, and Gymnarchidae. However, Hilton (2003) found that Mormyridae is a sister-group of Notopteridae + Osteoglossidae, and Kumazawa and Nishida (2000) used the mtDNA cytb gene sequence to demonstrate that Osteoglossidae + Mormyridae is a sister-group to Notopteridae. Our analysis showed that the family Osteoglossidae is a sister-group to Notopteridae + Mormyridae + Gymnarchidae, that Notopteridae is a sister-group to Mormyridae + Gymnarchidae and that Mormyridae is a sister-group to Gymnarchidae, which is in agreement with the recent studies mentioned above (Lavoué et al. 2004 (Lavoué et al. , 2011 Inoue et al. 2009 ).
The family Osteoglossidae, which is also known as the ancient "bony-tongue," contains four main genera: Osteoglossum, Arapaima, Heterotis, and Scleropages (Nelson 2006) . Members of the generaOsteoglossum (two species, O. bicirrhosum and O. ferreirai) and Arapaima (one species, A. gigas) are found in South America, Heterotis (one species, H. niloticus) are found in Africa, and Scleropages (three species) includes S. jardinii, and S. leichardti that are found in Australia and S. formosus that are found in Southeast Asia. Currently, most of these species live in freshwater and are intolerant of saltwater. According to previous studies, the close phylogenetic relationships among these four genera have been recognized at both the morphological (Hiton 2003; Nelson 2006 ) and molecular levels (Kumazawa & Nishida 2000; Lavoué et al. 2004 Lavoué et al. , 2011 Yue et al. 2006; Inoue et al. 2009; Mu et al. 2012) . Furthermore, our results are in good agreement with the commonly accepted phylogenetic consensus, which places A. gigas (Arapaima) and H. niloticus (Heterotis) as a sister-group and the Scleropages species as a sister clade to the two species of Osteoglossum. Interspecies genetic variation within the family Osteoglossidae was relatively minor (0.067-0.236) ( Table S3 ). The genetic distance between O. ferreirai and O. bicirrhosum, which belong to the same genus Osteoglossum, is 0.067 and shows a small amount of sequence variation. For example, O. ferreirai is distributed in rivers of Colombia and Brazil with low conductivity and poor in sediments (Duncan & Fernandes 2010) , and O. bicirrhosum is found in most rivers of the Amazon and Orinoco basins that have high conductivity and are rich in sediments (Olivares et al. 2013) . Together with the morphological similarities, O. ferreirai and O. bicirrhosum may have resulted from unique geographical and environmental conditions. Additionally, A. gigas (for the South American Arapaima) and H. niloticus (for the African) were shown to be monophyletic, which indicated that they may have originated from the same ancestors around the same period of time in the history of Earth (the Gondwana period). The Gondwana continent separated from the African, South America, India, and Antarctica continents approximately 100 million years ago (the Cretaceous period), which might have led to the modern distribution of A. gigas and H. niloticus. Subsequently, different habitats might have created selective pressures that resulted in the independent evolution of both species, such as morphological divergence, reproductive behavior, and ecology, and their evolution may have been linked to the geological histories of the African and South American landmasses.
In conclusion, the mitogenome is an effective molecular tool for characterizing deep-level phylogenetic relationships in the family Osteoglossidae. In our studies, the gene order and arrangement, as well as the base composition, of the mitogenome of O. ferreirai was similar to those of other Osteoglossidae species. The phylogenetic analyses using the 12 PCGs gave rise to a well-supported phylogeny with strong support values within the family Osteoglossidae and provided more informative data than did previous studies.
